Abstract-A potential link between tissue-type transglutaminase (tTG) and cardiac hypertrophy was suggested recently.
C
ardiac hypertrophy is an adaptive response to pressure or volume stress, mutations of sarcomere (or other) proteins, or loss of contractile mass from a previous infarction. Although cardiac hypertrophy is initially compensatory for an increased workload, prolonged hypertrophy is a highly important risk factor for the development of heart failure. Regulation of cardiomyocyte hypertrophy occurs via complex mechanisms but to a large degree involves receptor-mediated intracellular processes initiated by paracrine, autocrine, and hormonal factors. 1 It has been widely recognized that the hypertrophic agonists, including ␣1 adrenoceptor agonist phenylephrine, angiotensin II, and endothelin (ET) 1, bind to specific Gq protein-coupled receptors to initiate the intracellular response. 2, 3 There was evidence of potential cross-talk among these agents, particularly regarding ET-1, as playing a central role in mediating the actions of other hypertrophic factors.
Tissue-type transglutaminase (tTG), also known as "Gh," is a multifunctional GTP-binding protein that has been proposed to mediate both transglutaminase (TGase) and receptor-stimulated phospholipase C activation. 4, 5 The physiological role of the enzyme is still being uncovered and includes cell adhesion, wound healing, apoptosis, and matrix reorganization. 6 Recently, numerous studies have proposed that tTG was involved in the cardiac hypertrophic response. The initial finding showed upregulation of tTG mRNA in rat models of cardiac hypertrophy and failure. 7 Subsequent studies showed alterations in tTG protein function and expression in ischemic and dilated cardiomyopathic human disease. 8 Zhang et al 9 demonstrated that cardiac tTG overexpression resulted in the hemodynamic, genetic, and ultrastructural changes of left ventricular hypertrophy. Furthermore, Small et al 10 have used a transgenic mouse model to probe, finding that tTG overexpression resulted in a mild cardiac hypertrophy, elevated expression of ␤-myosin heavy chain and ␣-skeletal actin genes, and diffuse interstitial fibrosis. These results suggested a potential link between tTG and cardiac hypertrophy. Nevertheless, direct in vitro or vivo evidence that tTG is implicated in agonist-induced cardiac hypertrophy is still lacking. Accordingly, the present study was designed to investigate the potential involvement of tTG in cardiomyocyte hypertrophy induced by ET-1 and underlying mechanisms. 
Methods

Reagents
Cardiomyocyte Cultures
Primary culture of neonatal rat cardiomyocytes was prepared from ventricles of 1-day-old Wistar rats (Institute of Jingfeng Medical Laboratory Animal, Beijing, China) as described by Simpson and Savion. 11 Immunoblotting and Real-Time Quantitative RT-PCR Cell lysates were separated by electrophoresis through a 10% to 12% polyacrylamide gel and transferred to a polyvinylidene fluoride membrane. Primary antibodies were a rabbit polyclonal antibody to tTG (NeoMarkers, RB-060) in vitro and a mouse monoclonal antibody to tTG (NeoMarkers, MS-279) in vivo. A mouse monoclonal antibody to ␤-actin (1:1000, ab6276) was used as an internal control. Horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) was used at a dilution of 1:1000. The blots were detected using enhanced chemiluminescence kits (ECL, Amersham Pharmacia Biotech.).
Real-time quantitative RT-PCR was carried out using a LightCycler rapid thermal cycler system (Roche Diagnostics), and SYBR Green was used for the detection of double-strand DNA. An expanded Methods section is available in the online Data Supplement (available at http://hyper.ahajournals.org).
In Vitro Experiments Assessment of Cardiomyocyte Hypertrophy
Cell surface area was measured on F-actin-stained cardiomyocytes by confocal laser microscopy and Lim Image software, as reported previously. 12 At least 100 cardiomyocytes in 25 to 30 fields at ϫ63 magnification were examined in 3 independent experiments. F-actin was detected with rhodamine-conjugated phalloidin (Molecular Probes), as described previously. 13 The rate of protein synthesis was determined by incorporation of [ 3 H]leucine into the cells, as described by Hirotani et al. 14 TGase and GTPase Activity tTG transamidation assay was performed as described previously 15 with slight modifications. The TGase activity in cardiomyocyte lysate (40 g of proteins per assay) was determined by valuating the incorporation of [ 3 H]putrescine (1 millicurie) into N,NЈ-dimethylated casein 1% at 30°C for 30 minutes in Tris-HCl (pH 7.4) buffer containing 0.05% sucrose monolaurate in a 100-L final volume. The GTP-mediated inhibition of TGase activity was determined under the same conditions after preincubation of the samples in the presence of 0.5 mmol/L GTP for 30 minutes at room temperature. GTP hydrolysis activity was measured by the quantization of radioactivity of released Pi from [␥-32 P]GTP, as described previously. 16 
In Vivo Experiments
The protocol of chronic hypoxia was carried out according to our previous reports, 17 and the experimental procedures used in this study have been approved by the local committee on animal care and use. The weight ratio of right ventricle/left ventricleϩseptum was used as an index for right ventricular hypertrophy. An expanded Methods section is available in the online Data Supplement.
Statistics
Data were represented as meanϮSEM, with "n" indicating the number of independent experiments or animals. ANOVA, followed by the Dunnett multiple comparison test, was used to analyze data. Values of PϽ0.05 were considered significant.
Results
In Vitro Experiments tTG mRNA and Protein Expression After ET-1 Stimulation in Cardiomyocytes
To determine whether tTG mRNA in cardiomyocytes was changed after stimulation with ET-1, the real-time RT-PCR analysis was performed. As shown in Figure 1A and 1B, the expression of tTG mRNA was significantly increased by treatment with 0.1 nmol/L of ET-1 for 24 hours (1.7Ϯ0.43-fold) or 10 nmol/L for 6 hours (1.58Ϯ0.17-fold). The increase reached maximum at 100 nmol/L of ET-1 for 24 hours or 10 nmol/L for 48 hours. An ET-1-induced increase in tTG mRNA expression could be significantly inhibited by BQ-123, a selective antagonist of the ET A receptor but not by the ET B receptor-selective antagonist BQ-788 ( Figure S1 ). The observation suggested that ET-1 increased tTG mRNA expression via the ET A receptor. Western blot analysis revealed that ET-1 increased the expression of the tTG protein in a concentration-and time-dependent manner ( Figure 2A and 2B).
Effects of tTG Inhibitor on Cardiomyocyte Hypertrophy Responses to ET-1
The hypertrophic response to ET-1 was determined by the induction of hypertrophic gene atrial natriuretic factor (ANF), As shown in Figure 4A and 4B, the cardiomyocyte surface area was enlarged from 2570Ϯ895 m 2 (control group) to 6042Ϯ1700 m 2 (treated with 10 nmol/L of ET-1 for 24 hours). The enlargement was significantly depressed by 100 mol/L of MDC (3891Ϯ1178 m 2 ). Cardiomyocytes treated with ET-1 induced an apparent increase of the F-actin meshwork and a heavily striated appearance, reflecting the organization of this F-actin cytoskeleton into sarcomeric structures ( Figure 4C ). Treatment with MDC led to the elimination of the enhancement of the sarcomere organization. The real-time PCR analysis revealed a 3-fold increase in the ANF gene expression in cardiomyocytes stimulated with ET-1, and the increase was abrogated by the tTG inhibitor MDC ( Figure 4D ). MDC itself exhibited no effects on induction of the hypertrophic gene ANF, protein synthesis, or sarcomere reorganization ( Figure 4A through 4D ).
Changes in tTG Activities After ET-1 Stimulation in Cardiomyocytes
To test the effects of ET-1 on multifunctional activities of tTG in cultured neonatal rat cardiomyocytes, the activities of TGase and GTPase were determined by evaluating the incorporation of [ 3 H]putrescine into N,NЈ-dimethylated casein and charcoal absorption, respectively. Ca 2ϩ concentration-dependent TGase activity was measured by using 40 g of protein from the cardiomyocyte extracts. The concentrationresponse relationship showed that half of the maximal activity of TGase was obtained at a concentration of 0.13 mmol/L of Ca 2ϩ ( Figure S2 ). A calcium concentration of 0.1 and 0.5 mmol/L was used to activate Ϸ30% and Ϸ90% of maximal Ca 2ϩ -stimulated TGase activity, respectively. The basal cardiomyocyte TGase activity was low and did not change with increased concentration of ET-1 when CaCl 2 was not added ( Figure 5A and 5B). On Ca 2ϩ stimulation, the TGase activity of tTG was markedly increased. This increase could be inhibited by ET-1 in a concentration-and timedependent manner (Figures 5A and 5B and S3A and S3B). To evaluate the degree of participation of tTG in cardiomyocyte lysate activity, the inhibitory effect of GTP was tested. As shown in Figure 5A , 0.5 mmol/L of GTP blocked Ϸ95% of Ca 2ϩ -stimulated TGase activity. In contrast to the effect of ET-1 on TGase, ET-1 modestly increased the GTPase activity in a concentration-and time-dependent manner ( Figure 6A and 6B). These results suggested that cardiomyocyte hypertrophy induced by ET-1 may depend on GTPase activation and not TGase.
In Vivo Experiments
To address the role of tTG in an in vivo model of heart hypertrophy, rats were subjected to a chronic hypoxia protocol. One to 4 weeks chronic hypoxia significantly induced hypertrophy of the right ventricle and increased the pulmonary arterial pressure and the heart tTG protein expression compared with the air control group ( Figure S4 ). Administration of cystamine (10 to 30 mg/kg, 2 times per day, IP) did not affect the elevation of pulmonary arterial pressure but significantly lowered the increases in the index of right ventricular hypertrophy induced by hypoxia in a dosedependent manner (Figure 7) . A 30-mg/kg dose of cystamine did not influence the properties of rats in the air control group. These data showed that tTG was involved in the process described above. In addition, it was found that small pulmonary arterial (diameter: 50 to 100 m) remodeling 
Discussion
The present study demonstrated that tTG was partly involved in the process of ET-1-induced cardiomyocyte hypertrophy in a positive regulatory manner. This was based on our observation that the direct parameters related to cardiomyocyte hypertrophy were inhibited by a selective tTG inhibitor, MDC. Furthermore, our data demonstrated that the process of tTG involved in ET-1-induced cardiomyocyte hypertrophy may depend on GTPase activation by tTG and not TGase.
In the present experiments, we demonstrated that ET-1 increased the expressions of mRNA and protein levels of tTG in cardiomyocytes. To the best of our knowledge, this is the first report showing that the expressions of tTG mRNA and protein were upregulated by ET-1. It has been reported that cardiomyocytes predominantly expressed the ET A receptor, and the binding of ET to ET A receptors located on cardiomyocytes causes myocardial contraction and hypertrophy. In the present study, it was found that ET-1 increased mRNA levels of tTG via the ET A receptor but not the ET B receptor. These results suggested that tTG may play a role in regulating hypertrophic growth in response to ET-1.
To explore whether tTG acted in a critical role in the cardiomyocyte hypertrophy induced by ET-1, we examined the hypertrophic features of cardiomyocytes by several methods. 18 In the current study, it was found that ET increased leucine incorporation and cell area and led to sarcomere reorganization. Moreover, ANF expression was markedly augmented by ET-1. These results indicated that ET-1 could induce pathological hypertrophy in cardiomyocytes. Furthermore, our data showed that MDC prevented all of the features of cardiomyocyte hypertrophy induced by ET-1. These results strongly supported the idea that the activation of tTG was involved in the above process in a positive regulation manner and indicated the importance of inhibiting the tTG signaling pathway to prevent cardiomyocyte hypertrophy. These results have prompted the notion that Ն1 element of this pathway was implicated in the process of ET-1-induced cardiomyocyte hypertrophy. Recently, emerging data showed that focal adhesion kinase was necessary for ET-1-induced cardiomyocyte hypertrophy. 19 Cell surface tTG could activate intracellular focal adhesion kinase signaling cascades by forming a ternary complex with integrins and fibronectin, 20 suggesting that focal adhesion kinase was involved in the downstream signaling of tTG activation.
The TGase activity and signaling activities of tTG were reciprocally regulated by Ca 2ϩ and GTP. 21, 22 TGase activity was inhibited by guanine nucleotides (GTP␥SϾGTPϾGDP), whereas GTP photolabeling was inhibited by Ca 2ϩ . 21 Ca 2ϩ and GTP appeared to control the functional switch between the 2 activities of tTG. These facts showed the importance of understanding the multifunctional properties of tTG in defining its cellular and extracellular functions. Therefore, we examined the GTPase and TGase activities of tTG in hypertrophic cardiomyocytes. Our data showed that ET-1 significantly inhibited both Ϸ30% and Ϸ90% of maximal Ca 2ϩ -stimulated TGase activity but did not influence the basal TGase activity. In addition, ET-1 significantly elevated the activity of GTPase in a concentration-and time-dependent manner. These results provided strong support that tTG participated in cardiomyocyte hypertrophy, possibly through the capacity of tTG to signaling activity but not to its TGase-mediated protein cross-linking. Indeed, the involve- Figure 7 . Inhibitory effect of cystamine on chronic hypoxiainduced right heart hypertrophy in rats. The rats were injected IP with cystamine (10 to 30 mg/kg, 2 times per day) or water (0.2 mL/100 g) for 2 weeks under hypoxia condition, and then the index for right ventricular hypertrophy was determined. The weight ratio of right ventricle/left ventricleϩseptum (RV/LVϩS) was used as an index for right ventricular hypertrophy. Results were expressed as meanϮSEM. ***PϽ0.001 vs the air room group; ##PϽ0.01 vs the hypoxia group (nϭ6). 
Li et al
Role of tTG in Cardiomyocyte Hypertrophyment of tTG in membrane signaling appeared to be independent of its TGase activity, because it can be demonstrated at a physiological level of Ca 2ϩ that was well below those required for enzyme activation. 22 Moreover, it was reported that, at the physiological levels of the ATP and GTP, intracellular TGase activity was virtually 0, even in the presence of a high concentration of Ca 2ϩ (10 mmol/L). 23 In fact, only when Ca 2ϩ was 100 mmol/L and nucleotide levels were low or absent could TGase activity be observed.
In the experiment, the causal relationship between tTG and cardiac hypertrophy was studied using a hypoxia experimental model in vivo. The results showed that chronic hypoxia increased the expression of heart tTG protein in rats in a time-dependent manner. Additional results proved that the tTG inhibitor cystamine did not alter the pulmonary hypertension exposed to chronic hypoxia, but right ventricular hypertrophy induced by hypoxia was significantly attenuated by cystamine in a dose-dependent manner. These data suggested that tTG could be involved in the development of cardiac hypertrophy evoked by hypoxia. Because cystamine has some other actions, such as antioxidant activity and inhibition of caspase 3, more experiments should be conducted to evaluate these effects of cystamine on the cardiac hypertrophy. There was evidence showing that ET-1 played a dominant role in the development of cardiac hypertrophy exposed to hypoxia. 17, 24 In this present study, upregulation of heart tTG mRNA induced by hypoxia was significantly inhibited by ETP-508, 17 a selective ET A receptor antagonist ( Figure S6 ), suggesting that tTG may act as a regulator in the process of ET-1 involved cardiac hypertrophy associated with chronic hypoxia. Bakker et al 25 have used several experimental models to probe whether small artery remodeling with chronic vasoconstriction depended on tTG. Interestingly, in the experiment, cystamine prevented pulmonary small arterial remodeling exposed to chronic hypoxia, and this result established the role of tTG in the small artery remodeling.
Perspectives
The current study provides an insight into the role of tTG in the development of cardiac hypertrophy. Our results suggest that tTG behaves as an endogenous, positive regulator of hypertrophic response. This is probably dependent on GTPase activation by tTG but not by TGase. In addition, our findings may provide a novel therapeutic target for cardiac hypertrophy. Figure S4 . Chronic hypoxia induced the expression of heart tTG protein, right ventricle hypertrophy and pulmonary hypertension in rats. After chronic hypoxia for 1-4 wk, the expression of heart tTG protein (A), the index for right ventricle hypertrophy (B) and mean pulmonary arterial pressure (mPAP) (C) in rats was determined, respectively. Results were expressed as mean ± SEM. ** P<0.01 and *** P<0.001 compared with air control group; n=6-8. . Inhibitory effect of cystamine on chronic hypoxia induced small pulmonary arterial remodeling in rats. The rats were injected intraperitoneally (i.p.) with cystamine (30 mg/kg, 2 times/day) or water (0.2 ml/100g) for 2 wk under hypoxia condition, and then the wall thickness of small pulmonary artery was determined. A, light micrographs of small (diameter 50-100 µm) pulmonary arterial in rats. Magnification, × 200; B, photographic images of wall of pulmonary artery were digitized. The wall thickness (WT) of each artery was expressed as a percentage of the vessel diameter. % WT = (2 × medial wall thickness / external diameter) × 100. Results were expressed as mean ± SEM. *** P<0.001 vs air room group; ## P <0.01 vs hypoxia group; n=6. 
